Previous studies of two unrelated Japanese families showed that two isoforms of glycophorin were associated with the expression of SAT antigen on the erythrocyte membrane. Here we report the molecular basis for one form of this MNSs-related surface marker that displayed an altered immunoblotting pattern. Evidence is presented that glycophorin SAT (GPSAT) is encoded by a hybrid gene resulting from unequal homologous recombination between GPA and GPB genes. Analysis of SAT genomic DNAs by Southern blots showed gross alterations in the glycophorin gene cluster. Those restriction fragments characteristic of the GPA 3' and GPB 5' ends were absent from the SAT homozygote and showed reduced intensity in SAT heterozygotes. Reticulocyte RNA polymerase chain reaction showed the presence in the SAT homozygote of GPSAT and GPE transcripts but LYCOPHORINS A and B (GPA and GPB) of the human erythrocyte membrane serve as the carriers of MNSs blood group antigens.' They are rich in sialic acid, thus coating the red blood cells (RBCs) with a strong negative charge. As type I integral membrane proteins, GPA and GPB also involve interactions with the RBC cytoskeleton that may modulate membrane rigidity.' More recently, the receptor domain in GPA for the ligand of malaria parasite Plasmodium falciparum has been delineated. ' The gene structures of GPA and GPB have been establ i~h e d .~ Their exon-intron organization is similar and reflects defined domains of their proteins. The GPA gene expresses all its seven exons, whereas the GPB gene contains an unexpressed exon (pseudoexon III) and lacks the coding sequence for the cytoplasmic domain. The GPB gene shares an extensive homology with GPA and appears to have evolved from duplication via an unrelated precursor genomic segment downstream of the GPA gene.s GPA and GPB are associated with the occurrence of a variety of structural variants that bear novel MNSs-related blood group antigens. A majority of them have been shown to arise from genetic recombination via the mechanisms of unequal crossover andor gene conversion.', ' These hybrid The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. section 1734 solely to indicate this fact. 0 1995 by The American Society of Hematology. 0006-4971/95/8508-0026$3.00/0 2222 no GPA and GPB transcripts. Direct sequencing of the amplified SAT cDNA showed that its sequence from exon I to exon IV was identical with the N allele of GPA, whereas its 3' portion, including exon V and exon VI, was derived from the GPB gene. The GPSAT protein in its mature form should contain 104 amino acid residues and bear a novel sequence, Ser-Glu-Pro-Ala-Pro-Val, encoded by the junction of GPA exon IV and GPB exon V. This sequence interfaces the extracellular and transmembrane domains and could be the epitope site of the SAT antigen. The formation of such a hybrid junction not only explains why SAT homozygous erythrocytes lack S, S, and U antigens but also shows a reciprocal arrangement with respect to the B-A hybrid GPDantu gene. 0 1995 by The American Society of Hematology.
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glycophorins are arranged in five types of structures as A-B, B-A, A-B-A, B-A-B, and B-A-B-A variants.8"' For all hybrid proteins except GPDantu,'"I4 the structural changes are confined to the extracellular region, with the sequence encoded by exon I11 and exon IV being most frequently involved. In GPDantu, the hybrid junction is formed between GPB exon IV and GPA exon V. ' In this study, we define the molecular basis for the RBC SAT antigen, a low incidence surface marker of the MNSs blood group system associated with the occurrence of two isoforms of glycophorin in unrelated Japanese families."~" We show that in one family in which RBC glycophorins display an altered immunoblotting profile, GPSAT is specified by a hybrid gene reciprocal to the GPDantu gene.
MATERIALS AND METHODS
Blood samples. Peripheral bloods used as controls were drawn from normal human donors. SAT positive bloods were obtained from the T.K. family members including one homozygote and four heterozygotes. Their MNSs blood group phenotypes, and immunoblot patterns with a number of glycophorin monoclonal antibodies were de~cribed.'~ The MNSs phenotypes of SAT homozygous erythrocytes were M-, N+, S -, S-, U-, and SAT+.
Southern blot analysis of glycophorin genes. High molecular weight chromosomal DNAs were prepared from leukocyte nuclear pellets and analyzed by restriction endonuclease mapping as described." Blots of digested genomic DNA were hybridized with glycophorin gene probes after labeling with a-"P-deoxycytidine triphosphate (dCTP) by the random primer extension method." The probes included a full-length cDNA for GPA, two intervening sequences (INS) of intron 2 and intron 3, and a genomic segment encompassing exon V for the transmembrane domain."
Synthesis und ampl$cation of glycophorin cDNAs. Total RNA was isolated from peripheral reticulocytes by the differential cell lysis method." Synthesis of glycophorin cDNAs from total RNA was performed as previously described." Briefly, 2 to 3 pg of RNA and 250 ng of gene-specific downstream primer were heated at 65°C for 5 minutes and then chilled on ice for 5 minutes. Reverse transcription was performed in 20 pL of a solution containing all the reaction components. The resulting cDNA product was directly amplified by the polymerase chain reaction (PCR)" as described." The location and nucleotide sequence of the primers are detailed in Fig  3. The amplified cDNA products were analyzed by agarose gel electrophoresis and restriction endonuclease digestion. The organization of GPSAT was deduced from further purified by native 5% polyacrylamide gel electrophoresis and then restriction analysis (Fig 1, bottom) . The SAT-specific 4.0-directly sequenced on both strands by Sanger's chain termination kb fragment was apparently flanked by two I sites, one method.22 l7 DNA polymerase and 5'-end-labeled '*P primers were from GPA at the ~~~-i~ 3 junction and the other used. Conditions for primer labeling, sequencing reactions, and denaturing polyacrylamide gel electrophoresis were the same as described from GPB intron 5. This fragment was expected to span previously.'" exon IV through exon V and retain the A-B hybrid junction of GPSAT gene. To confirm this prediction, a genomic probe
RESULTS

Restriction mapping of glycophorin SATgene.
Restriction endonuclease analysis showed gross changes of glycophorin genes in the T.K. family members exhibiting the SAT phenotype (Fig l, top) . Altered Msp l fragments unique to the GPSAT gene were detected in both the heterozygotes and homozygote. In both Msp I and Sac I blots, those bands characteristic of the 3' portion of GPA gene and the 5' portion of GPB gene were absent from the SAT homozygote and showed reduced intensity in SAT heterozygotes. Nevertheless, the bands of GPE, the third member of the GYPA fa mil^:^.'^ were apparently unchanged.
These results indicated that GPSAT gene occurs as a GPA-GPB hybrid associated with genome contraction, ie, the loss of chromosomal content. specific for exon V encoding the transmembrane domain was hybridized to the Msp I and Hind111 blots (Fig 2) . The results showed that the SAT-specific Msp I fragment contained GPB exon V which comigrated with GPE exon V in Hind111 digestion.
Amplijcation and analysis of glycophorin cDNAs from SAT reticulocytes. Based on the genomic analysis, we expected that the erythroid cells from the SAT homozygote should express GPSAT and GPE mRNAs only. To study the expression of GPSAT gene, we simply focused on the analysis of total RNA from homozygous reticulocytes. were then hybridized with a genomic segment encompassing exon V that codes for the transmembrane domain. A common band(s1 is observed in heterozygote and homozygote, whereas exon V is missing in GPA and GPB in the homozygote; in Hind 111 digestion, the exon V-containing bands of GPB and GPE genes comigrate.
common upstream primer, one major band expected for the GPA transcript was observed in the control, but none was observed in the SAT homozygote. When the GPB-specific downstream primer and N-specific upstream primer were used, the major band from SAT homozygote was larger in molecular size than that for GPB cDNA from the control cells.
To establish its identity, the novel cDNA was analyzed by Msp 1 enzyme digestion and compared with the cleavage pattern of GPA and GPB cDNA products (Fig 3B) . Whereas the GPA and GPB cDNAs each retain a unique Msp I site, the novel cDNA form harbors both Msp I sites. This finding not only confirmed the result of gene mapping (Fig I , bottom) but also showed that GPSAT is indeed specified by an A-B hybrid gene. The GPE transcript was also detected in the propositus, and its sequence was identical to the GPE cDNA published previously (data not shown)."."
Nucleotide and anlino acid sequences f . r CPSAT. GPSAT cDNA was purified and eluted from the gels and directly sequenced to completion on both strands. The GPA-GPB hybrid junction was identified, and its DNA sequence ladders are shown in Fig 4. From comparison with GPA, it is evident that GPSAT retains a GPA exon IV to GPB exon V connection. This structure represents an arrangement re- 
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defines the fourth intron as the crossing-over site between GPA and GPB genes. The translation product of GPSAT gene should retain 123 amino acid residues in its precursor form and 1 0 4 residues in its mature form. As expected, the GPSAT protein bears the N blood group specificity and a single N-linked carbohydrate unit as in GPA. Most significantly, the hybrid junction codes for a novel amino acid sequence, Ser-Glu-Pro-Ala-Pro-Val (SEPAPV), that differs from either parent structure. This new sequence resides in the hinge region that interfaces the extracellular and transmembrane domains.
DISCUSSION
In this report, we identified a new hybrid glycophorin gene that determines the expression of SAT antigen on the human erythrocyte membrane. We showed that the GPSAT gene occurs as a GPA-GPB hybrid with a junction point encompassed by GPA exon IV and GPB exon V at the 5' and 3' sides, respectively. This hybrid arrangement is reciprocal to that found in the GPDantu gene.' Further dissection of intron 4 sequences is being undertaken to provide molecular details for the crossing-over point in the two genes. Because the GPSAT gene is accompanied by deletion of both GPA and GPB genes, it most likely originated from a single unequal homologous recombination event (Fig 6 ) . Although they are a pair of reciprocal products, SAT and Dantu may have occurred independently because of their different ethnic distribution. The former is, so far, found in Japanese, whereas the latter is most frequently encountered among black populations.
Here, we have defined the molecular basis for the SAT antigen carried by a hybrid glycophorin in the T.K. family. A similar SAT hybrid glycophorin was recently described in another Japanese family.'" However, yet in other unrelated families, the expression of SAT antigen was not associated with any apparent change in the glycophorin electrophoretic profile,'5.'" and, in one, the SAT glycophorin was a product of a GPA gene that contained a 9-bp insertion between exon IV and exon V templated from the GPB gene.I6 The insertion would result in a new amino acid sequence, SEPAPV, which is identical to that at the A-B junction of the SAT hybrid glycophorin studied here. Because in all instances the new sequence is associated with the expression of the SAT antigen, it may possibly constitute the SAT epitope. This still needs to be shown.
To date, three A-B hybrid glycophorin genes have been characterized which encode respectively GPMiV,"' GPMiXI (formerly named MiV'.L):.26 and GPSAT (this study). GPMiV and GPMiXI genes contain a similar junction sequence formed between GPA exon I11 and GPB exon IV; they differ by a single C-T nucleotide at codon 29 of exon IV (ACG versus ATG) that determines the S/s allelism of GPB. This has taken place as the result of participation of two separate GPB alleles in hybrid formation. In GPSAT, the hybrid junction sequence is located further downstream and is formed between GPA exon IV and GPB exon V. Therefore, its protein product carries no S, S, and U blood group antigens, although it has a GPB-derived carboxyl terminus anchored in the lipid bilayer of the plasma membrane. Previous studies have shown that binding of ligands to the extracellular domain of GPA can induce a decrease in membrane deformability and that such a phenomenon is not discernible in MiV homozygous erythrocyte^.^^ In many aspects, except for the difference of junction sequence in their hybrid glycophorins, SAT homozygous erythrocytes are quite similar to MiV homozygous erythrocytes. Both types of cells contain no GPA and GPB, and both of their hybrid glycophorins lack an extended cytoplasmic tail. It will be of interest to compare membrane properties of these two naturally occurring glycophorin variants and to determine whether their differences in membrane junction sequence could influence membrane processes induced by ligand binding.
The identification of GPSAT as another hybrid gene expands our catalogue of allelic polymorphisms at the GYPA locus produced by genetic recombination. The advantage of evolving such an extensive polymorphism is noteworthy. Available evidence indicates that glycophorin serves as a receptor for malaria parasite Pfulcipururn.28~2' In this regard, the selective advantage of glycophorin variations would be to modulate the parasite-host interactions at entry and, thus, alter the invasion of erythrocytes by the parasite. The correlation of geographic distribution of certain glycophorin variants with malaria prevalence suggests that allelic variation is related to strain specificity. A better understanding of glycophorin d i~e r s i t y~,~ and the mode of parasite invasion,' in parallel, should provide insights into the role of variant sequences in interactions with the parasite.
